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Can strength exercise
affect the muscle oxygen saturation response?
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Purpose: The objective of the study was to describe and compare the acute response of muscle oxygen saturation (SmO,) and hemo-
globin concentration (Hgb) in the vastus lateralis (VL) during resistance exercise protocols until failure. Methods: Sixteen males were
considered (mean = SD, age = 36.12 + 6.40 years). Two familiarization sessions and one evaluation session were carried out where
three force protocols were executed in the VL, one of them was isometric load (P1) and two of dynamic load (P2 and P3). SmO, [%]
and Hgb [g/dL] were measured before and after each of these protocols. For P1, three series of 8 s of maximum isometric strength with
the rest of 60 s between each set, the average isometric strength (AIS), and the isometric peak strength (IPS) were also recorded.
After five minutes, P2 was performed, with an initial load of 40% of AIS. Then, at 30 minutes, P3 was performed considering an
initial load of 40% of IPS. Results: The results suggest (I) minimum levels of SmO, (66.31 = 9.38%) and Hgb (12.22 + 0.55 g/dL) dur-
ing P2, (II) no significant differences were observed between the average loads of the respective protocols for SmO, and (III) muscle
Hgb differed significantly between rest with P1 and P3. Conclusions: Exercises of increasing intensity and of short duration do not sig-
nificantly modify SmO,. However, Hgb increases substantially compared baseline values.
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be measured using a NIRS [32]. These devices are
non-invasive low-cost and functional instruments that
make it possible for us to know the behavior of muscle

1. Introduction

Nowadays, new technologies such as near-infrared
spectroscopy (NIRS) allow us to know in a specific
way the metabolic behavior of muscle tissue associ-
ated with its oxygenation (muscle oximetry) in the
face of different workloads [3]. Muscle oximetry is
the study that enables us to estimate the partial pres-
sure of muscle oxygen through the concentrations of
oxygenated and deoxygenated hemoglobin, and can

oximetry and its derivatives in real-time through Blue-
tooth technology [28]. In addition, they have proven to
be valid and reliable [7], [9], [10], [23], [28], [36].
Technically, NIRS illuminates skeletal muscle with
light in the near-infrared spectrum and detects the
light reflected through it. This type of light emitted at
wavelengths in the infrared range (650-1000 nm) can
enter biological tissues with less scattering and better
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absorption than visible light [32], allowing NIRS to
calculate changes in oxygenated hemoglobin (O,Hb),
deoxygenated hemoglobin (HHb), derived changes in
total hemoglobin (tHb = O,Hb + HHb) also expressed
in percentage [%] as muscle oxygen saturation (SmO,
= HbO, / tHb) [31], thus representing the behavior
between supply and demand of oxygen in energy me-
tabolism during muscular strength exercise [21].
When a muscle strength protocol is executed, an
increase in oxygen consumption is caused depending
on the intensity of the exercise, being reflected in the
decrease in muscle oxygen saturation (SmO,) [24],
which leads to an increase in lactate levels in a blood
as a response to accelerated glycolysis [9] showing the
subject to feelings of fatigue and decreased physical
performance [14], even influenced by age [2]. In this
regard, Perrey et al. [32] established that a NIRS de-
vice can be used as a biomarker of skeletal muscle
oxidative capacity and muscle performance, specifying
that the higher the intensity of strength training, the
higher the oxygen consumption in the musculoskeletal
tissue. Other publications have examined SmO, during
muscular strength exercise [5], [8], [12], [17], [30],
reaching the same conclusions as the previous author.
Along the same lines, an investigation that compared
the SmO, response in the left vastus lateralis VL be-
fore and after the front and rear squats in the lower
extremities established that the SmO, difference was
not significantly different between these squat mo-
dalities [8]. Finally, a recent systematic review that
aimed to report baseline and final SmO, reference
values obtained with NIRS during strength training in
healthy adults found that SmO, decreases as an acute
response to muscular strength exercise in the VL,
finding results before the strength protocol (range =
68.07-77.9%) and after (range = 9.50-77.9%) [27].
Regarding the NIRS sensor positioning protocol, in
the review by Miranda-Fuentes et al. [27], all the arti-
cles selected according to the researchers’ inclusion
and exclusion criteria analyze the VL of the quadri-
ceps. On the other hand, in the review proposed by
Perrey et al., fifty-seven manuscripts were reviewed
were thirty-seven of them evaluated SmO, in VL pre-
dominantly in aerobic sports and only two analyzed
this variable during muscular strength training in the
same muscle, which appears to be the preferred as-
sessment site for the NIRS protocols, followed by the
flexor digitorum profundus, flexor carpi, and gastrocne-
mius. The preference for evaluating VL could be ex-
plained by the different patterns of muscle use during
cycling (as the sport most frequently evaluated with
NIRS), where monoarticular muscles (VL) participate
mainly in force generation, while biarticular muscles

are responsible for force transmission, showing that
the VL is more active than a biarticular one, such as
the lateral gastrocnemius [27]. Currently, the parame-
ters used for exercise prescription are usually systemic
variables such as heart rate, maximum oxygen con-
sumption, blood lactate, etc., that is, variables that are
not very specific from a musculoskeletal point of view
[38]. Despite the above, there is still little information
that explains the behavior of SmO, and muscle strength
exercises in healthy adults during dynamic and iso-
metric strength exercises, so there are gaps in the appli-
cation of the NIRS and their interpretation as a work-
load control method. Therefore, the objective of the
study was to describe and compare the acute response
of muscle oximetry (SmO,) and hemoglobin concen-
tration (Hgb) in the vastus lateralis during resistance
exercise protocols until failure.

2. Materials and methods

2.1. Study design

A cross-sectional design study was carried out. It
included two familiarization sessions one week before
the start of the study to explain the procedures of each
test and minimize possible execution errors; these
sessions lasted 30 minutes each. One evaluation ses-
sion of the variables was considered for which the
volunteers were summoned with a 4-hour fast, without
doing intense physical activity or consuming caffeine,
tea, or any energizing drug or drinking alcohol 48 hours
before exercise. This session began with the evaluation
of body composition and anthropometry, to then give
way to a moment of rest lying face up on a stretcher
for 15 minutes; at this stage, SmO, (%), Hgb (g/dL),
and vital signs at rest were evaluated. After this, the
assessments of isometric muscle strength (P1), dy-
namic strength I (P2), and dynamic strength II (P3)
were performed. The SmO, and Hgb were evaluated
before, during and at the end of each strength proto-
col. The same investigator performed all evaluations
under similar conditions and provided the same verbal
cues to all participants. The evaluation session was
carried out under environmental conditions of ~22 °C
and ~60% humidity.

2.2. Subjects

Initially, twenty-three subjects were recruited for
the study (five women and eighteen men) of which
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seven subjects (five women and two men) were ex-
cluded because it was not possible to read the SmO,
and Hgb record on the device; coincidentally the sub-
jects had the highest body fat percentage, which has been
declared as a limitation for reading these devices [11].
Finally, sixteen healthy men volunteered to participate in
this study (mean + SD, age = 36.12 + 6.40 years, body
mass index (BMI) = 26.65 + 2.73 kg/m’, fat mass
= 23.46 + 4.85%, muscle mass 34.98 + 3.70%, leg
muscle mass 18.64 = 2.17 kg). The inclusion criteria
were being healthy adult subjects of both sexes, with-
out altered acute health conditions, without medical
comorbidities (chronic respiratory disease, subjects
with a smoking habit), or a musculoskeletal condition
that prevented them from performing physical activi-
ties. All subjects were informed of the procedures to
be used and signed a written informed consent form
before initiating their participation in the study. The
study protocol adhered to the tenets of the Declaration
of Helsinki and was approved by the University of
Granada Institutional Review Board (IRB approval:
997/CEIH/2019).

2.3. Procedures

Before starting the strength protocols, anthropo-
metric variables were evaluated using a stadiometer
for body height (Seca 202, Seca Ltd, Hamburg, Ger-
many) and a bioimpedance assessment measure body
composition (InBody 770, Cerritos, CA, USA).

2.3.1. Strength protocols

The strength protocols were evaluated using a func-
tional electromechanical dynamometer FEMD (Dyna-
system, Model Research, Granada, Spain), which is
valid and reliable for muscle strength training [25],
[28], [34], [35]. For this assessment, the participants sat
on a chair specially designed for quadriceps evaluation.
A pulley was fixed in the distal area of their dominant
leg to provide the resistance assigned to each protocol
(Fig. 1). In P1, each subject had to perform three sets
of 8 seconds of maximum isometric strength with
a rest of 60 seconds between each series, the instruc-
tion for this protocol was to perform a maximum ef-
fort knee extension. The maintenance of 8 seconds of
isometric strength load has been considered due to the
metabolic activation of the pathways that provide
energy, with the oxidative pathway being the one that
takes the most seconds to activate and be maintained
over time. From P1, the average isometric strength
load (AIS) and the peak isometric strength load (IPS)

of each repetition were recorded. After a five-minute
rest, the subjects performed P2, a protocol that began
with an initial load of 40% of AIS, then after 30 min-
utes, P3 was performed, starting with a 40% of IPS
load (Fig. 2). For the dynamic strength load exercises,
each repetition increased 2 kg until reaching muscle
failure, and the instructions were to perform knee
extensions until reaching 180°.

Fig. 1. Evaluation of muscle strength P1, P2 and P3
and fixation of the dynamometer at the distal end of the leg
to provide resistance to each protocol

2.3.2. Muscle oxygen saturation
and hemoglobin concentration

For the muscular oximetry measurements, a NIRS
(Humon Hex, Dynometrics Inc., Boston, New Eng-
land) was used, being described as a valid and reliable
instrument for the evaluation of muscle strength [9],
[28] and high level of concordance with other Wire-
less NIRS devices available on the market [19]. Upon
entering the laboratory and after anthropometric meas-
urements, the participants had the NIRS installed at the
midpoint of the thigh of the dominant leg between the
anterior superior iliac spine and the upper edge of the
patella, is secured with a velcro closure [3]. This vari-
able was measured throughout the rest time, P1, P2,
and P3 (Fig. 2).
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Fig. 2. Graphic representation of the three protocols and rest times for the measurement of muscle oxygen saturation
and hemoglobin concentration. Rest — rest; P1 — isometric strength; AIS — average isometric strength;

IPS — isometric peak strength; P2 —

Dynamic strength with initial load 40% AIS; P3 — Dynamic strength with initial load 40% IPS;

SmO, — muscle oxygen saturation; Hgb — hemoglobin concentration

2.3.3. Data extraction

The FEMD data [kg] were exported from the de-
vice to a personalized Excel” spreadsheet with the
average and peak values of each series, considering
the average of the three series for the analysis.

Moreover, to obtain the NIRS data, the device
connects via Bluetooth to a smartphone and a person-
alized application (Dynamometrics Inc, Boston, New
England, retrieved from http://humon.io) the data in
real-time. The algorithms used to determine muscle
oximetry hemodynamic parameters have not been
published and are the property of Dynometrics Inc [9].
The total data recorded for each experimental session
[% and g/dL] was also extracted into a spreadsheet
(Excel®) on the NIRS website. For the precise extrac-
tion of these data from the web software, the start and
end time of each protocol from rest to the last strength
evaluation (seconds in the course of each time) was
recorded in the data record form of each participant.
For the analysis of the variables provided by the NIRS
(SmO, and Hgb), the average value of the three sets

was used for each protocol of isometric and dynamic
strength both at the beginning and at the end of each
one.

2.4. Statistical analyses

Descriptive data are presented as mean and stan-
dard deviation (SD). The normal distribution of the
data (Shapiro—Wilk test) and the homogeneity of
variances (Levene test) were confirmed (p > 0.05).
For the main analysis, a repeated-measures analysis
of variance (ANOVA) was conducted with Bonfer-
roni post-hoc analysis. The Greenhouse-Geisser cor-
rection was used when the Mauchly sphericity test
was violated. Omega squared (@”) was calculated for
the ANOVA where the values of the effect sizes
0.01, 0.06 and above 0.14 were considered small,
medium, and large, respectively [6]. Statistical sig-
nificance was accepted at p < 0.05. The JASP statis-
tics package (version 0.14.1) was used for statistical
analyses.

Table 1. The behavior of the SmO,, Hgb and strength during all protocols

Condition Variable Load [kg] SmO, [%] Hgb [g/dL]
Rest — — 66.72 + 12.06 12.03 £0.37
Average load 49.67 +9.13
Pl Maximum load 56312990 69.45 £ 6.96 12.36 £ 0.56
Average load 27.00 £ 6.77
P2 Maximum load 4739+ 741 66.31 £9.38 12.22+0.55
Number of repetitions 10.6£2.3
Average load 29.15+7.15
P3 Maximum load 50.00 + 7.61 69.05 £9.95 12.36 £0.58
Number of repetitions 9.8+2.5

Data expressed as mean =+ standard deviation. Rest — repose; P1 — isometric strength; P2 —

Dynamic strength with

initial load 40% AIS; P3 — Dynamic strength with initial load 40% IPS; SmO, — muscle oxygen saturation; Hgb — he-

moglobin concentration [g/dL].
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3. Results

The maximum load developed was during the P1
protocol (56.31 £ 9.90 kg). Maximum levels of SmO,
(69.05 £ 9.95 %) and Hgb (12.36 + 0.58 g/dL) were
observed during P3 (Table 1).

There were no significant differences between av-
erage loads of the respective protocols for SmO;:
(F125=2.246, P=0.135, »* = 0.011 (Fig. 3).

78
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Fig. 3. Muscle oxygen saturation differences between rest
and muscle strength protocols. Abbreviations: Rest — repose;
P1 — isometric strength; P2 — Dynamic strength
with initial load 40% AIS; P3 — Dynamic strength
with initial load 40% IPS; SmO, — muscle oxygen saturation [%]
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Fig. 4. Hemoglobin concentration differences between rest
and muscle strength protocols. Abbreviations: Rest — repose;
P1 — isometric strength; P2 — Dynamic strength
with initial load 40% AIS; P3 — Dynamic strength
with initial load 40% IPS; SmO, = muscle oxygen saturation;
+ — Significant differences between REST versus P1;

1 — Significant differences between REST versus P3

The results in muscle Hgb differed significantly be-
tween rest and P1 and rest and P3 (Fp3 = 7.353, p =
0.003, w* = 0.055) (Fig. 4). The post-hoc analyses using
Bonferroni correction revealed that hemoglobin concen-
tration levels increased significantly between rest and P1
(mean difference = 0.334, P = 0.011) and between rest
and P3 (mean difference = 0.336; p = 0.023) (Table 2).

4. Discussion

The aim of the study was to describe and compare
the acute response of muscle oximetry (SmO;) and
hemoglobin concentration (Hgb) in the VL during
resistance exercise protocols until failure. The main
findings suggest that (I) minimum levels of SmO,
(66.31 £ 9.38%) and Hgb (12.22 + 0.55 g/dL) were
observed during P2, (II) no significant differences
between average loads of the respective protocols for
SmO, were found and, (III) muscle Hgb differed sig-
nificantly between rest and P1 and rest and P3. These
findings could discriminate the dynamics of muscle
O, saturation in the VL during different protocols and
intensities in muscular strength exercises.

The results of this study indicate that the resting con-
dition shows mean SmO, values of 66.72 + 12.06%,
which agrees with the baseline data from other studies
[27]. Otherwise, neither P1, P2, and P3 seemed to sig-
nificantly modify SmO, concerning rest, in a protocol
of isometric strength of 3 seconds and another of iso-
kinetic fatigue of knee extensors performing 15 repe-
titions at maximum intensity at a speed of 60° per
second, they did not find significant differences in
SmO, before and after the strength protocol between
the experimental leg and the control leg [26].

Likewise, a recent study [13], where the oximetry
of muscle tissue is considered with the tissue satura-
tion index (TSI), which corresponds to one of four
synonyms with which this variable can be found in the
literature, also recognizing saturation muscle tissue
oxygen (SmQO,), tissue oxygen saturation (StO,) and

Table 2. Bonferroni post-hoc of hemoglobin concentration

Condition Mean difference Cohens’d p-value
P1 P2 0.145 0.563 0.238

P3 —0.002 -0.012 1.000

Rest 0.334 0.948 0.011*
P2 P3 —0.147 —0.560 0.243
Rest 0.189 0.423 0.667

P3 Rest 0.336 0.855 0.023*

Rest — repose; P1 — isometric strength; P2 — Dynamic strength with initial load 40% AIS; P3 — Dynamic

strength with initial load 40% IPS; * p <0.05.
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tissue oxygenation index (TOI) [3], showed that this
variable does not change after the application of 4 plyo-
metric training protocols with different recovery peri-
ods between sets (1, 2, 3 and 5 minutes) (p = 0.21). In
this study, it was observed that muscle saturation val-
ues returned to their baseline values regardless of the
minutes of recovery. Despite the above, in P1 and P3,
SmO, showed an increasing trend compared to base-
line values, a situation that seems interesting to dis-
cuss given the discrepancy with respect to the results
of this variable after a muscular strength exercise [27].

Some of the reasons that can justify this difference
are that the workload used can influence on the re-
sponse of the oximetry. Several studies considered
submaximal loads and times under tension that was
longer than the one proposed in this study, being the
case of Gomez-Carmona [12] who used loads that
varied between 60% IRM (~20RM) and 75% 1RM
(~10RM). In the same line, Davis [8] applied a proto-
col of 3 sets of 15 repetitions at 70% 1RM for front
and rear squats, whereas Timon et al. used in their
study 3 x 8 repetitions 75-80% 1RM and Alvares [1]
performed series of 6 maximum voluntary contrac-
tions at fast speed (180° s ') during the knee extension
phase, in comparison with the protocol of the present
investigation which considered 8s for P1 and ap-
proximately 20-30 s for P2-P3, performing three sets
with intra-repetition increases of 2 kg until muscle
failure.

In this case, according to the intensity of the exer-
cise applied, the increasing load of the exercise and
the energy substrates demanded by it did not require
a more significant presence of oxygen for its metabo-
lism, and that is what the authors consider the main
reason for the non-decrease in the SmO, [15]. In an-
other way, the increase in muscle oxygenation can be
explained from a physiological point of view where it
is expected that the muscle tissue has an anticipatory
and preparatory response in the initial seconds of the
exercise, receiving an increase in its irrigation thanks
to a redistribution of flows from inactive to active
territories, which contributes to maintaining and im-
proving oxygen reserves at the muscle level for en-
ergy processes that require a contribution of this ele-
ment during exercise [16]. This response was also
described in a previous study that analyzed the be-
havior of a subject during the execution of three mus-
cle strength protocols [28].

Besides in P2, the behavior of SmO, tends to
maintain or decrease slightly to rest. First, the ques-
tioning of these results indicates that the initial pre-
scription of the workload influences the metabolic
response of the tissue, proving to be more demanding

a load from an average isometric value (P2) than
a peak isometric value (P3). In this sense, an increase
in the metabolic demand in the tissue was produced to
generate more energy in a short time and prevent the
physical limitations produced by the muscular fatigue
imposed by the load [21]. It has been shown that the
increase in work rates when performing muscular
strength exercises increases the demands of oxygen
in the skeletal muscle, which can exceed the capacity
of the systems to supply it, especially in high-intensity
exercises [33], where it has been established that the
critical power is associated with the supply of oxygen
in the tissues [20], and in exercises of muscular
strength the increase of the intramuscular mechanical
pressure can lead to a reduction of the blood flow
[14]. This could result in transient muscular hypoxia
[18], showing the subject to feelings of fatigue and
decreased physical performance, which can be ex-
plained in this work by the tendency to decrease
SmOz.

In a study by Belardinelli [4], in which 11 subjects
performed an incremental work exercise, it was shown
that as the work rate intensified tissue oxygenation
tended to decrease. On the other hand, a decrease in
muscle oxygenation has also been associated to the point
at which the work rate and the metabolic rate produce
increases in the production of lactate in the blood due
to an excess of carbon dioxide (CO,), that is, where the
additional extraction of oxygen is achieved mainly by
reducing the hemoglobin saturation to a constant mini-
mum oxygen partial pressure (PO,) by the rightward
shift of the oxyhemoglobin dissociation curve induced
by the acidosis caused by the increased lactate [37].

Another of the results delivered in this study refers
to muscular Hgb, where this variable differed signifi-
cantly between P1 and P3 concerning the rest condi-
tion. In tissues, a PPO, of 26 mm Hg causes myoglo-
bin to become more than 98% saturated; the great
affinity that myoglobin shows for oxygen is essential
for its biological function — capturing the oxygen sup-
plied by blood hemoglobin for the cell [29]. In our
study, the behavior of Hgb accompanies that of SmO..
To date, there is little literature regarding the response
of this variable during muscular strength exercise to
contrast our results. However, these results are in line
with those obtained by Lucero et al. [22] in the control
group of their study during the progressive intensity
90-degree rhythmic isotonic knee extension exercise.
Finally, trying to compare behaviors and determining
if Hgb can discriminate the training load, in the pres-
ent study, we found that exercising with maximum
isometric strength and with dynamic strength starting
with a load of 40% of pick isometric strength (P3)
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induced a significant increase in Hgb compared to rest
and P2. In contrast, in this work, SmO, did not allow
us to discriminate between protocols.

It is important to consider in the measurement of
SmO, which parameters are considered in the differ-
ent studies for their subsequent analysis and interpreta-
tion, in the study by Mead [26] for isometric strength,
the mean oxygenation of the repetition that generated
the greatest strength was used, and for the isokinetic
fatigue protocol, the mean oxygenation of the first
three repetitions and the last three repetitions was
used. In the analysis by Davis [8], the maximum and
minimum SmQO, were determined before and after each
series, and the difference was calculated as ASmO,. In
the study by Alvares [1], the SmO, baseline represents
the average of 30 seconds before starting the exercise,
it also incorporates the analysis of the amplitude of the
muscle oxygen saturation that corresponds to the dif-
ference between the minimum value of SmO, reached
during the exercise period and the baseline SmQO,. On
the other hand, in the study by Gomez-Carmona [12]
the loss of SmO, (V% SmOQ,) is considered, which
corresponds to the relationship between SmO, at the
beginning of the series and SmQO, at the end of the
series.

In conclusion, SmO, does not appear to change
significantly with short-duration isometric exercises
and intra-repetition variable resistance protocols from
submaximal loads to muscle failure. However, Hgb
varies substantially compared to the baseline values
recorded in the study sample and maybe a potential
indicator of internal muscle load, although studies are
lacking to strengthen these findings.

This study was not without limitations. Our sam-
pling was for convenience and to expand the small
sample size. Unfortunately, this time it was only pos-
sible to evaluate men. However, the inclusion criteria
of the study admitted both sexes, the admission of
women was not possible due to aspects of body com-
position, the women admitted had BMI > 24.9 kg/m?
and high% fat unlike men, coincidentally, the device
could not register SmO, behavior in these cases. This
limitation of wireless NIRS has been stated in the
literature [11]. On the other hand, evaluating a single
lower limb (dominant) with a recording of a single
muscle (rectus femoris) is considered. Notwithstand-
ing those limitations, the current study provides some
insights into the acute response of muscle oximetry
during strength training as well as is the first study to
record acute changes in muscle strength in dynamic
exercises using Humon Hex.

Future research could replicate this research idea
by expanding the sample size, including both sexes,

and exploring the behavior of this variable in other
muscles to contrast and describe other metabolic be-
haviors in this regard.

5. Conclusions

The procedures analyzed in this study provide new
knowledge regarding guidelines for the use of SmO,
and Hgb as an internal load index. Monitoring muscle
oximetry in physically active subjects through a NIRS
device helps to specifically understand the behavior of
skeletal muscle in real-time and the variation of SmO,
and Hgb. Considering the results obtained in this
study where isometric exercises and intra-repetition
variable resistance until muscle failure do not present
significant changes in the SmO, biomarker during
their execution over time, it is assumed that the loads
used did not metabolically request the muscle from an
oxidative view despite applying muscle overload, so
the proposed protocols can be used both in rehabilita-
tion and by strength and conditioning trainers who wish
to perform resistance training without requesting sig-
nificant metabolic demands or experiencing symptoms
of fatigue during the session. On the other hand, the
Hgb biomarker evaluated with NIRS Humon Hex
effectively shows significant changes after a resis-
tance exercise, so it could initially be considered and
used by trainers as an indicator of internal muscle
load.
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